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Background: Multibranched endovascular aneurysm repair (MBEVAR) has the potential to lower the morbidity and
mortality rates of thoracoabdominal aneurysm repair, but the applicability of the technique is unknown. Our aim was to
estimate the prevalence of anatomic suitability for MBEVAR.
Methods: Retrospective review of patients referred for a prospective trial of MBEVAR between November 2005 and July
2012. Anatomic suitability was assessed on three-dimensional computed tomography scan reconstructions according to
the current criteria for a custom-made stent graft or a ﬁxed, off-the-shelf stent graft in both standard (22F) and low-
proﬁle (18F) delivery systems.
Results: A total of 250 contrast-enhanced computed tomography scans were reviewed, 49 of which were excluded due to
inadequate aneurysm size. Of 201 candidates for repair, 149 (74%) were men and 86 (43%) had Crawford classiﬁcation
type IV/paravisceral aneurysms; 109 (58%) were anatomically suitable for a single-stage repair with a custom-made, low-
proﬁle stent graft. Another 58 (29%) could have been made suitable for MBEVAR with an adjunct procedure, including
angiogram with visceral or renal artery stenting (n [ 23), carotid-subclavian bypass (n [ 5), or iliac bypass for device
insertion (n [ 17), or to preserve internal iliac artery ﬂow because of an iliac aneurysm (n [ 9), or dissection (n [ 8).
There was no association between suitability and gender, aneurysm diameter, or type. However, women were signiﬁcantly
more likely to need a conduit or low-proﬁle device (P [ .003). Patients with type B aortic dissections were signiﬁcantly
less likely to have anatomy suitable for repair (P [ .035) and more likely to require a multistage repair. Thirty-four
patients would have been unsuitable for repair because of renal artery anatomy (n [ 14), visceral artery anatomy
(n[ 4), lack of a proximal landing zone due to an arch aneurysm (n[ 7), or inadequate access arteries (n[ 9). The low-
proﬁle device increased the number of patients who would have been suitable for a single-stage repair by 16. The off-the-
shelf graft has the advantage of a faster assessment-to-treatment time, but only 64 patients would have been suitable for
a single-stage repair and another 30 could have been made suitable with an adjunct procedure.
Conclusions: Most patients would have been suitable or could have been made suitable for a thoracoabdominal stent graft
using current anatomic criteria. The applicability ofMBEVARwill continue to change as the experience with the technique
grows and devices evolve, as evidenced by the potential reduction in iliac bypasses after the introduction of a low-proﬁle
device and the ability to treat symptomatic or urgent patients with the off-the-shelf device. (J Vasc Surg 2013;57:1553-9.)Open repair of thoracoabdominal aneurysm (TAAA)
remains a technically challenging procedure with published
mortality rates of 5%-10% in contemporary centers-of-
excellence series,1-3 and 19%-22% in population-based
series.4-6 Multibranched endovascular aneurysm repair
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://dx.doi.org/10.1016/j.jvs.2012.12.021and morbidity of treatment, especially in patients who
have serious cardiopulmonary disease or a hostile abdomen
from prior surgery7-10; however, these potential advantages
apply only to patients who have the necessary anatomic
substrate.
Experience with infrarenal aneurysms has shown that
anatomic selection criteria can greatly restrict the applica-
bility of endovascular repair.11,12 The goal of this study
was to estimate the prevalence of anatomy appropriate
for MBEVAR as an indication of the potential applicability
of the technique.
METHODS
The study population is a consecutive series of patients
referred for treatment in a single-center, nonrandomized,
prospective clinical trial of MBEVAR between November
1, 2005 and July 31, 2012. The trial design, including
inclusion and exclusion criteria, has been published previ-
ously.13 Importantly, the criteria used in the clinical trial
to deﬁne the anatomic necessity for repair was the same
in this study, speciﬁcally an aneurysm diameter of >6 cm
for men, >5.5 cm for women, or >5 cm with a rate of1553
Table I. Anatomic exclusion criteria for custom-made and off-the-shelf multibranched stent grafts with a low-proﬁle
(18F) or standard-proﬁle (22F) delivery system
Stent graft type Anatomy Exclusion criteria
Custom-made
Access d Iliac arteries
d <6-mm diameter
d 6-8-mm diameter (low-proﬁle)
d Tortuous
d Heavily calciﬁed




d <20-mm diameter (wall-to-wall)
Proximal landing zone d >40-mm diameter
d <20-mm length
Distal landing zone d Aneurysm or dissection of common iliac artery
Mesenteric arteries d Aberrant or early branching, aneurysm or dissection with <15 mm of healthy
artery for branch placement
Renal arteries d Diameter <4 mm or >8 mm
d Multiple small renal arteries
d Early branching, aneurysm, or dissection with <15 mm of healthy artery
for branch placement
Off-the-shelf
All of the above exclusion criteria apply, plus:
Access d <25-mm visceral aorta diameter (wall-to-wall)
Distal landing zone d <67 mm from renal artery cuff to the aortic bifurcation
Mesenteric arteries d <20 mm or >40 mm from the end of the stent graft cuff to the artery oriﬁce
d >90 radial deviation from the cuff to the arterial oriﬁce
Renal arteries d <20 mm or >40 mm from the end of the stent graft cuff to the artery oriﬁce
d >90 radial deviation from the cuff to the arterial oriﬁce
d >56 mm from the celiac artery to the most caudal renal artery
d Upward (cephalad) directed renal artery
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clinical trial was assessed on the basis of clinical and
anatomic characteristics, but this project addresses only
the anatomic criteria (Table I and Fig 1), used to assess
the necessity and feasibility of repair. The study protocol
has been approved by the Committee on Human Research
at the University of California San Francisco.
Anatomic suitability was assessed using three-dimensional
reconstructions of contrast-enhanced computed tomo-
graphy (CT) scans on a TeraRecon Aquarius workstation
(v. 3.7.0.16; TeraRecon Inc, Foster City, Calif). Of note,
the diameter of the aorta was measured in a true orthog-
onal plane, and two measurements were recorded: the
maximum aneurysm diameter and the diameter of the
visceral aorta where the multibranched stent graft would
be deployed (Fig 1). The aneurysm type was assessed
according to the Crawford classiﬁcation system.14
Two versions of the stent graft were considered in this
project: one custom-made to approximate individual patient
anatomy and one premade in a ﬁxed off-the-shelf conﬁgura-
tion.13,15,16 Each version of the stent graft was available in
either a standard-proﬁle (22F) delivery system or a low-
proﬁle (18F) delivery system. Each had slightly different
requirements with the low-proﬁle custom-made being the
least restrictive type and the standard-proﬁle off-the-shelf
stent graft the most restrictive (Table I; Fig 1).17Not only did device design evolve during the 7 years of
the study, so did the technique of stent graft implantation
and the estimation of feasibility. Although most of the
criteria listed in Table I are objective, subjective measures
such as the qualitative assessment of the extent of iliac artery
disease remain crucial to assessing anatomic suitability. This
retrospective analysis applies the current criteria as they
apply to each of the devices. Patients who would have
needed preliminary, adjunct operations to eliminate
anatomic obstacles to MBEVAR are counted separately.
We did not consider the caliber of the delivery system
(low-proﬁle vs standard-proﬁle) to be a factor in the ultimate
suitability for repair, just the need for an adjunct procedure,
such as an iliac artery bypass for a conduit, an angiogram
with stenting to treat visceral and/or renal artery stenosis,
or a carotid-subclavian bypass to create a proximal landing
zone.10,17
Continuous variables are reported as the mean 6 SD.
Statistical comparisons of continuous data were made using
the Student t-test and for categorical data with c2. All data
analysis was done with STATA/SE 11 software (Stata-
Corp, College Station, Tex).
RESULTS
Two hundred ﬁfty patients had contrast-enhanced CT
scans with sufﬁcient resolution and anatomic detail for
Fig 1. Anatomic exclusion diagram for an off-the-shelf multi-
branched thoracoabdominal stent graft. To place branches, the
visceral aorta must be at least 25 mm (A). For appropriate branch
placement, the distance between the end of the celiac, superior
mesenteric artery (SMA) or renal cuff, and the origin of the artery
must be between 20-40 mm and have <90 radial deviation (B).
Because the graft length distal to the renal cuffs is ﬁxed, the
distance between the lower edge of the renal cuff and the aortic
bifurcation must be >67 mm (C).
Table II. Aneurysm characteristics of MBEVAR
candidates (n ¼ 201)
No. (%)
Men 149 (74)
Mean aneurysm diameter, mm 68 6 11
Men 69 6 11
Women 65 6 8.2
Crawford TAAA classiﬁcation
Type I/V 18 (9)
Type II 57 (28)
Type III 40 (20)
Type IV/paravisceral 86 (43)
Multiple aneurysms 21 (10)
Dissection 17 (8)
MBEVAR, Multibranched endovascular aneurysm repair; TAAA, thor-
acoabdominal aneurysm.
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size criteria for anatomic necessity and were excluded,
leaving 201 candidates for MBEVAR, of which 74% were
men. The most common aneurysm type was a Crawford
classiﬁcation IV/paravisceral (Table II). Of the 21 (10%)
patients with multiple aneurysms, seven had concomitant
type IV/paravisceral and ascending aortic or arch aneu-
rysms. The remaining 14 patients had multiple aneurysms
of the thoracic and abdominal aorta that could be repaired
with a single modular device.
Of the remaining 201 candidates, 109 (54%) initially
had suitable anatomy for MBEVAR, based on the retro-
spective application of current selection criteria. Anadditional 58 (29%) would have been rendered suitable
for MBEVAR following an adjunct procedure to eliminate
anatomic obstacles (Fig 2). Even if the low-proﬁle stent
graft had been available throughout the study, 17 patients
would still have needed an iliac bypass for access. An addi-
tional 17 would have needed an iliac bypass to preserve
internal iliac ﬂow in the presence of aneurysm (n ¼ 9) or
dissection (n ¼ 8) of the common iliac artery. In the
absence of a low-proﬁle stent graft, an additional 16 would
have required a conduit for insertion of the larger-caliber
standard-proﬁle stent graft. Five patients would have
needed a left carotid-subclavian bypass to preserve
subclavian-based collaterals to the spine while ensuring an
adequate proximal landing zone. Another 23 patients
would have needed catheter angiography with celiac or
superior mesenteric artery (SMA) stenting (n ¼ 3), renal
artery stenting (n ¼ 11), or both (n ¼ 9).
Chronic type B dissection was associated with several
obstacles to MBEVAR, including partitioning of the aorta
with some branches coming off the true lumen and some
off the false lumen; dissection or aneurysm of the common
iliac artery, requiring iliac bypass to preserve internal iliac
ﬂow; and encroachment on the distal aortic arch, requiring
carotid-subclavian bypass. Even with the option of multi-
stage preparation, patients with dissections were signiﬁ-
cantly less likely to have anatomy suitable for repair (P ¼
.035, c2). Repair using a custom stent graft would have
been feasible in 11/17 (65%) dissection cases. Repair using
an off-the-shelf stent graft would have been feasible in
6/17 (35%) dissection cases.
There was no association between anatomic suitability
(with the option of adjunct operation) and sex, Crawford
classiﬁcation, or aneurysm size. However, women typically
had smaller iliac arteries than men and therefore would
have needed a low-proﬁle delivery system or iliac artery
bypass at almost twice the rate of men (63% vs 33%; P ¼
.003, c2).
Only 34/201 patients (17%) were excluded from
MBEVAR by anatomic features that could not be cor-
rected (Table III). One-half (n ¼ 14) of these had unsuit-
able renal artery anatomy, including seven that were too
Table III. Anatomic characteristics of patients who
would not have been suitable for MBEVAR (n ¼ 34)
No. (%)
Unsuitable renal artery anatomy 14 (41)
Too small or stenotic for stenting 7
Multiple small renal arteries 5
Early branching of renal artery 1
Hostile aortic geometry for stenting 1
Unsuitable celiac/SMA artery anatomy 3 (9)
Early, aberrant branching 2
Celiac and SMA occlusion 1
Insufﬁcient spacing of renal, celiac, and SMA
for branch placement
1 (3)
Inadequate access 9 (26)
Extreme calciﬁcation and tortuosity 5
Common iliac aneurysm/dissection 4
Inadequate proximal landing zone 7 (21)
MBEVAR, Multibranched endovascular aneurysm repair; SMA, superior
mesenteric artery.
Fig 2. Flowchart of patient suitability for multibranched endo-
vascular aneurysm repair (MBEVAR).CT,Computed tomography.
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sized renal arteries, one that had early branching, and 1
with aortic geometry that would have prevented successful
branch placement. Three patients had unsuitable celiac or
SMA anatomy. Of these, two had no suitable implantation
site proximal to a vital branch, and one had chronic celiac
and SMA occlusion. One additional patient had closely
clustered celiac, SMA, and renals with insufﬁcient space
for branch placement. Of the nine patients who had unrec-
onstructable iliac arteries, ﬁve had inadequate access
because of calciﬁcation, tortuosity, and stenosis of the iliac
arteries, and four had threatened internal iliac ﬂow because
of common iliac aneurysm or dissection. But only three of
the nine patients would have been unreconstructable for
technical reasons, including an inability to preserve internal
iliac perfusion; the other six would have been unrecon-
structable because they were too sick to withstand the
necessary abdominal operation. Finally, seven patients
had aneurysms of the aortic arch or ascending thoracic
aorta that were not amenable to reconstruction, for tech-
nical or medical reasons, and would have prevented secure
hemostatic stent graft implantation. Nine of the 34
excluded patients would have been candidates for two-
stage repair, had they been able to withstand the necessary
adjunct operation.
Comparing anatomic suitability by stent graft device,
only 64 of the 201 patients could have been treated with
a single-stage repair using a low-proﬁle off-the-shelf device.
An additional 30 patients, for a total of 94, could have been
treated with an off-the-shelf device after undergoing an
adjunct procedure. Eleven would have required adjunctive
angiography and visceral or renal artery stenting, 17 would
have required an iliac artery bypass, four would have
required a left carotid-subclavian bypass, and one wouldhave required both a conduit procedure and visceral angi-
ography. The most common reason why a patient would
have been suitable for a custom-made graft but not an
off-the-shelf graft was an unsuitable conﬁguration of the
visceral and renal arteries including a cuff-to-target artery
distance of >40 mm (n ¼ 21), >90 degrees of axial devi-
ation from the cuff to target artery (n ¼ 14), or upward
facing renal arteries (n ¼ 4). Prior AAA repair using a bifur-
cated graft or stent graft was the next most common reason
(n ¼26); with rare exception, the bifurcation of the graft
used in the prior repair was too close to the renal arteries
to accommodate the 67-mm-long distal section of the
off-the-shelf stent graft (Fig 1). Other reasons included
dissection (n ¼ 6) and inadequate diameter of the visceral
aorta (n ¼ 2).
Of 201 patients evaluated for MBEVAR, 93 (46%)
would have been suitable for repair with a standard-
proﬁle custom-made stent graft using the current criteria.
Adding the 23 patients whose suitability would have
depended on a catheter-based intervention raises the
number suitable to 116 (57%) and including patients
whose exclusion would have been corrected with a low-
proﬁle stent graft raises the number suitable to 132
(66%). Finally, including patients whose exclusion criteria
could be eliminated by adjunctive surgery raises the
number suitable to 167 (83%).
Many patients found to have suitable anatomy never
proceeded beyond the initial evaluation. At the time of
writing, 105 patients have undergone MBEVAR. All 105
stent grafts were inserted successfully, as were 406 of the
407 branches. The sole failed branch insertion was in
a patient initially denied repair but subsequently enrolled
when she presented with abdominal pain. In this case,
branch insertion was prevented by a fold in the aorta just
above a caudally directed renal artery. Although the selec-
tion criteria have changed slightly during the 7 years of the
study, the effect has generally been to make the process
more inclusive. Only two of the 105 patients who actually
JOURNAL OF VASCULAR SURGERY
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based on the current anatomic selection criteria.
DISCUSSION
Only one-half of referred patients initially have the
necessary anatomic substrate for aneurysm repair using
a multibranched endovascular stent graft. However, most
of the anatomic obstacles can be removed using a variety
of adjunctive procedures, including catheter-based treat-
ment of renal, celiac, or SMA stenosis, and iliac artery
bypass for either external iliac artery stenosis or to preserve
internal iliac artery perfusion. The catheter-based proce-
dures are generally well tolerated, even in high-risk
patients, whereas the iliac reconstructions are abdominal
operations often resulting in signiﬁcant morbidity.10 The
development of a low-proﬁle (18F) stent graft would
reduce the number of such operations, especially among
women, but the need to preserve internal iliac artery ﬂow
remains an unavoidable indication for iliac artery bypass.
The current analysis is based on a retrospective applica-
tion of current selection criteria for two reasons. First, the
selection criteria have changed as we have learned which
anatomy to tackle and which to leave alone, and have
accommodated the performance characteristics of off-the-
shelf and low-proﬁle versions of the stent graft. Second,
many suitable patients never underwent repair, so the
number assessed is far larger than the number treated.
There were only two signiﬁcant changes to patient
selection during the 7-year course of the study, both of
which expanded the range of eligible patients. One allowed
the inclusion of patients with type B aortic dissection, the
other allowed the inclusion of patients with acute symp-
toms suggestive of impending rupture, or contained
rupture. From the beginning, we recognized that the
consequences of aortic dissection would greatly complicate
endovascular aneurysm repair. Even now, only two-thirds
of dissection cases are candidates for MBEVAR, even after
adjunctive procedures, and only one-third are candidates
for MBEVAR using an off-the-shelf stent graft. The
inclusion of acutely symptomatic patients is a relatively
recent change that was prompted by the development of
a single off-the-shelf stent graft.15 Experience has shown
that this design is rarely applicable in the presence of aortic
dissection, type II aneurysm with widely spaced visceral
arteries, and, most importantly, prior AAA repair using
a bifurcated graft with a short trunk. The addition of just
one alternative off-the-shelf design with a bifurcation just
below the renal cuffs would greatly expand the range of
eligible patients.
In this study, the actual short-term experience among
treated patients served mainly as a touchstone for the valid-
ity of the selection criteria. For example, had the selection
criteria been overly inclusive, we would have seen a high
rate of procedural failure. As it was, all the stent grafts
and nearly all the branches were successfully assembled in
the intended location. We restricted this analysis to the
short-term feasibility of stent graft insertion. It is conceiv-
able that some anatomic features predispose to othershort-term failure modes, such as endoleak, or long-term
failure modes, such as branch occlusion, but we decided
that such a broad analysis of outcome was beyond the
scope of the current study.
The study population that provided the CT dataset for
this analysis was selected by referring physicians, mostly
surgeons, looking for an endovascular alternative to obser-
vation or high-risk surgery. It is highly unlikely that we saw
the same spectrum of TAAA cases as other institutions
where the primary mode of therapy is open surgery.
However, we expect that most of this selection bias relates
to the patients’ physiological suitability for open surgery,
not their anatomic suitability for endovascular repair.
Our selection criteria reﬂect the performance character-
istics of the type of device we use, which consists of
a tapered stent graft bearing short axially oriented branches
for attachment of self-expanding covered stents and stents.
We have found this combination affords a wide latitude in
patient selection, stent graft design, and stent graft implan-
tation.15,16 A less forgiving device would require more
restrictive selection criteria. The current analysis cannot
be extrapolated to modular stent grafts that combine fenes-
trations with balloon-expanded covered stents.9,18
The ﬁndings of the current study are only a snapshot of
a moving object. Accumulating experience, together with
continuing evolution of device design and implantation
technique, can be expected to further expand the selection
criteria. Developments such as a reduction in delivery
system proﬁle will help to eliminate some of the more inva-
sive adjunctive procedures that are currently prerequisites
for MBEVAR, and the addition of slightly modiﬁed off-
the-shelf stent grafts will expand the number of patients
eligible for urgent treatment of symptomatic aneurysms.
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Submitted Oct 11, 2012; accepted Dec 6, 2012.DISCUSSIONDr Jerry Chen (Vancouver, British Columbia, Canada). Dr
Gasper has presented to us a study from UC San Francisco group,
a pioneering center, innovator, and leader in the ﬁeld of branched
and fenestrated aortic aneurysm repairs. In this study, they
reviewed all of the CT scans of the TAAA patients referred for
treatment over the last 7 years and assessed their anatomic suit-
ability for multibranched endovascular repair. The criteria they
used are for the latest generation of branched endografts including
both custom and off-the-shelf devices. They found majority of the
patients to be suitable for these branched endografts.
I have the following questions:
Some of the anatomic criteria such as tortuosity, calciﬁcations,
and access vessel adequacy are subjective and judgment evolves
with experience. I wonder who did the assessment of all these
scans. Was it a panel of surgeons? If so, did you test for agreement
between your assessors to ensure objectivity?
My next question pertains to the applicability of your results
to be generalized to other centers. Yours is a highly specialized
center drawing referrals from surgeons who have already pre-
screened the patients. Would you agree that results from de
novo patient population coming from a more typical vascular
surgeons’ ofﬁce might look quite different?
Number 3, with adjunctive procedures, you found a total of
167 patients who were suitable candidates for repair, and yet
only 105 actually underwent repair. What happened to the
other patients? Did they undergo open repair? Can you tell us
whether many patients change from an unsuitable status in the
past to become a suitable candidate based on the latest graft
criteria?
Lastly, it is my impression that these branch grafts are easier to
do than fenestrated ones. If these multibranched endografts are
broadly applicable, should every vascular surgeon be doing it, or
should it be limited to major centers and speciﬁc surgeons who
meet a minimal volume criteria? And if so, what would that
minimal volume be? I enjoyed reading this article, and I would
like to thank the society for this privilege to discuss it.
Dr Warren J. Gasper. Thank you Dr Chen for your
comments. The anatomic suitability criteria for MBEVAR have
changed over time and are evolving from subjective measures
toward a more objective, codiﬁed list. However, for this study,anatomic suitability was assessed by one author (T.C.) who
reviewed all CT scans using the current suitability criteria.
The thoracoabdominal aneurysm patient population seen by
a typical vascular surgeon is certainly different than the cohort in
this study because of a sampling bias; most referring physicians
were vascular surgeons who prescreened the patients for an open
repair. As a result, patients in this series were generally thought
to have prohibitive medical comorbidities. One notable group
was patients who had prior aortic surgery and therefore needed a
complex repair beyond the patients’ medical ﬁtness. Among this
reoperative population, we found that most patients were anatom-
ically suitable for repair, but they were signiﬁcantly more likely to
need a custom-made device than an off-the-shelf device.
Many referrals began as a CT scan review. For anatomically
suitable patients, the referring physician was contacted to arrange
a clinic visit and evaluation, but not all of those patients came
for a clinic visit and their outcome is unknown. Of the patients
who have been evaluated for an MBVAR, we know of at least
two who had an emergent open repair and three who died of aneu-
rysm rupture while awaiting repair.
In reviewing all of the patients in this cohort, we found that
there were a number of patients who were initially thought unsuit-
able for repair and would be considered suitable now. All chronic
type B dissection patients were excluded in the early experience,
although the complex anatomy of these patients remains a chal-
lenge. In addition, the availability of the low-proﬁle device would
have helped 16 patients avoid an adjunct iliac bypass. Since the
physiologic demands of an open abdominal operation and MBE-
VAR were prohibitive in many patients, this evolution of the device
has increased the number of suitable patients.
It is hard to know what an ideal minimum volume of proce-
dures would be, however, the experience with complex open
aneurysm repair has shown that high volume centers have the
best results. As with many surgeries that demonstrate a volume-
outcome relationship, it is probably a combination of the surgeons,
anesthesiologists, nurses and institutional protocols that foster the
best results. To this end, we would expect multibranched endovas-
cular aneurysm repair to have the best outcomes in high-volume
centers focused on developing the expertise, skill, and experience
necessary for complex endovascular aneurysm surgery.
